In a preliminary investigation the isolation of a caldoactive filamentous microorganism from a New Zealand hot spring was reported. This organism is described here as a new species belonging to the genus Thermus, namely, Thermus jiliformis, based on ultrastructural, phenotypic, and anomalous Gram type characteristics. The cell wall of T.Jiliformis resembles that of Thermus aquaticus apart from the presence of an extra layer. The Thermus species tested, including T. jiliformis, are negative for the aminopeptidase test, which is unusual for a gram-negative genus. T . jifiliforrnis is nonproteolytic, unlike most other Thermus strains, and also differs radically from other strains in morphology when it is observed by using phase-contrast microscopy. The single strain of the species has been deposited with the American Type Culture Collection as strain ATCC 43280T (T = type strain).
in hot pools in early studies of thermal spring microbiology (2, 22) . Brock (3) provided evidence that these organisms were not cyanobacteria, as had been suggested, and proposed that many of the observed organisms were related to the flexibacteria. Subsequently, numerous filamentous caldoactive and thermophilic bacteria have been isolated from hot spring environments.
Pierson and Castenholz (26) described a filamentous photosynthetic gliding bacterium, Chlorojexus aurantiacus, which is a facultative anaerobe. More recently, a similar organism with restricted geographical distribution has been isolated and named Heliothrix oregonensis (27) , although this organism has not been obtained in pure culture. A nonphotosynthetic organism, Thermothrix thiopara (7) , a facultative anaerobe capable of autotrophic and heterotrophic growth, has been described.
Two thermophilic Bacillus isolates which produce filamentous forms have also been described; these are "Bacillus thermocatenulatus" (12) and "Bacillus javothermus" (14) .
Species of the genus Thermus can, under certain culture conditions, form filaments (6, 21) , although the normal morphology is that of a pleomorphic rod. Although Thermus cells have a negative Gram reaction and the cell wall is multilayered, many other characteristics of the organism are more akin to those found in gram-positive organisms. Thermus spp. are aminopeptidase negative (this report), contain ornithine as the dibasic amino acid (25) , are susceptible to p-lactam antibiotics (24) , have an anomalous citrate synthase (34) , have branched-chain fatty acids (29) , and have menaquinone 8 as the major respiratory quinone (9) . A recent 16s ribosomal ribonucleic acid analysis (15) has shown the genus to be most closely related to Deinococcus, a gram-positive genus.
Within the genus Thermus there are two validly named species, Thermus aquaticus (6) and Thermus ruber (20, 21) , which can be distinguished by their pigmentation and temperature optima. Studies of the molecular biology of the genus have supported this division (15) .
In a previous report (17) we described an isolate which had a stable filamentous morphology, as well as an entwining * Corresponding author together of the filaments to produce extensive braiding. Necridia and midfilament and terminal swellings were also observed. The isolate grew optimally at 73"C, had a guanineplus-cytosine (G+C) content of 65 mol%, and produced a yellow pigment. The available data at the time indicated that this was an organism which had not previously been isolated. The work described here adds to this previous description of the isolate, strain Wai33 AIT (T = type strain), enabling it to be identified as a member of the genus Thermus that is sufficiently different from the other species of the genus to warrant description of a new species, Thermus filiformis.
MATERIALS AND METHODS
Strains used. The thermophilic bacteria Thermus aquaticus Yt-lT (= ATCC 25104T). "Thermus thermophilus" HB8 (= ATCC 27634), and Thermus ruber DSM 1279T were used for comparative analysis. The new isolate was designated strain Wai33 AIT (17) .
Media and culture conditions. Thermus strains were routinely maintained on Castenholz medium D agar or broth (28) . Yellow-pigmented Thermus strains were incubated at 70°C in unshaken cultures unless otherwise stated. Thermus ruber was incubated at 60°C. Other test media used were TYEG (36), Deutsche Sammlung von Mikroorganismen medium 36 (for the growth of Thiobacillus thioparus), and a medium for autotrophic growth of Thermothrix thiopara (7) .
Attempts were made to grow Wai33 AIT on TYEG, Castenholz medium D, and nitrate broth (Difco) under strictly anaerobic conditions by using 0.001% (wthol) resazurin as an indicator of reduction and sodium sulfide at a concentration of 0.05% (wthol) to achieve reduction. A 1% inoculum of a 24-h broth culture was used, and incubation was at 70°C. Nonreduced oxygen-limited conditions were achieved by filling 125-ml medical flat bottles completely with medium before inoculation.
To test for autotrophic growth, the media for growth of Thermothrix thiopara and Thiobacillus thioparus described above were used. With the Thermothrix thiopara medium sulfite, thiosulfate, or sulfur was used as an electron donor.
Ultrastructure. For electron microscopy Wai33 AIT was grown for 48 h and washed by centrifugation. Cells were fixed in 2.5% (wthol) glutaraldehyde for 1 h, followed by 1% (wthol) osmium tetroxide in Verona1 acetate buffer for 1 h. Dehydration was achieved by using a graded ethanol series, and specimens were embedded in Spurr resin (32) . Sections were cut with a Riechert ultramicrotome by using a glass knife and were stained for 5 min in 2% (wthol) uranyl acetate, followed by 8 min in 0.4% (wthol) lead aspartate. Negatively stained specimens were prepared by staining the cells for 1 min with 1% (wthol) uranyl acetate on butvarcoated copper grids and then blotting dry. A Philips model EM400 electron microscope was used to produce the electron micrographs.
Phenotypic characteristics. The aminopeptidase test was carried out by the method of Cerny (8) , and the KOH lysis test was performed by the method of Gregersen (13) . Nitrate reduction, a-galactosidase, and P-galactosidase were tested for by using the methods described by Gerhardt et al. (11) . p-Nitrophenyl palmitate and p-nitrophenyl laurate hydrolysis, elastin, hide powder azure, and casein hydrolysis were tested for by the methods described by Hudson et al. (18) . Arbutin degradation was tested by the method of BairdParker (l), and esculin degradation was tested by the method described by Gerhardt et al. (11) . The medium described by Degryse et al. (10) was used to test for Tween 80 hydrolysis, whereas tellurite reduction was tested by the method of Wilkinson and Jones (35), using 0.01% (wthol) potassium tellurite.
Growth on single carbon sources was tested in broth cultures by the method of Pask-Hughes and Williams (23) , and incubation was for 3 days.
Respiratory quinone analysis. A respiratory quinone analysis was carried out by M. D. Collins of the Food Research Institute, Reading, England (results supplied as a personal communication).
Wai33 AIT was grown in 5 liters of Castenholz medium D broth for 48 h, harvested by centrifugation, and washed twice in 20 mM Na2HP04-NaH2P04 buffer (pH 7.6). Cells were freeze-dried to provide approximately 600 mg (dry weight) for analysis.
Antibiotic inhibition. To compare antibiotic resistance patterns of yellow-pigmented high-temperature Thermus strains, 0.1-ml volumes of vortex-mixed 24-h cultures of Wai33 AIT, Thermus aquaticus, and "Thermus thermophilus" were used as inocula and added to 50 ml of Castenholz medium D broth in 250-ml Erlenmeyer flasks containing 10 4-mm glass beads. Antibiotic solutions of the appropriate concentrations were filter sterilized (pore size, 0.22 p,m) and then added to the appropriate flasks. Incubation was for 24 h in an orbital incubator operating at 150 rpm. Optical densities were measured at 650 nm with a Spectronic 20 colorimeter (Bausch & Lomb, Inc.). Controls with no antibiotic additions were incubated simultaneously, and all tests were run in duplicate.
For each test the mean of the turbidities of the two test cultures was compared with the mean turbidities of the appropriate controls, and the result was expressed as the percent inhibition with respect to the control.
RESULTS
Growth on media tested. No growth was recorded with media under reduced conditions or with media designed to support autotrophic growth. There was an onset of growth under nonreduced anaerobic or microaerophilic conditions, but growth was poor.
Ultrastructure. Electron microscopy of thin sections showed the wall to have a complex multilayered appearance ( Fig. 1 and 2 ). Adjacent to the cytoplasmic membrane was a thin electron-dense layer, outside of which was a thick layer which had a corrugated appearance (Fig. 2) . External to the corrugated layer was another layer which ran uninterrupted along the filaments, apparently playing no part in septum formation (Fig. 1) . Apart from the outermost layer, the cell wall structure closely resembled that of Thermus (3, a genus considered to have the structural characteristics of gramnegative cell walls (4, 5, 25) . Of special note is the corrugated layer (Fig. 2) , which forms the outer envelope layer in Thermus aquaticus (5) and other Thermus isolates (15)-Thin sections of midfilament swellings showed that there waq no differentiation between these structures and normal cells (Fig. 3) , although the cell wall appeared to be thinner than in other parts of the filament.
When negatively stained preparations were examined, small spheres were occasionally seen between the cells (Fig.  4) . The origin and function of these spheres are not known.
Phenotypic characteristics. The results of tests carried out on Wai33 AIT, Thermus aquaticus, and Thermus ruber are shown in Table 1 . The carbon source utilization spectra closely parallel the carbon sources used by other Thermus strains (10, 18) .
Wai33 AIT, Thermus aqpaticus, "Thermus thermophilus," and Thermus ruber were all negative for the aminopeptidase test (a gram-positive characteristic) and positive for the KOH lysis test (a gram-negative characteristic). Although the organisms stained gram negatively, these results, taken in conjunction with other evidence in the literature, imply that with this genus there is something anomalous between the Gram reaction and other characteristics normally correlated with the Gram reaction. Some of this evidence has been reviewed by Hensel et al. (15) , who suggested that Thermus should be regarded as a grampositive genus.
Respiratory quinone composition. The major respiratory quinone of Wai33 AIT was menaquinone 8 (M. D. Collins, personal communication) , which is the same as that for Therrnus aquaticus, "Thermus thermophilus" (9) , and Thermus ruber (15) .
Antibiotic inhibition patterns. The percentages of inhibition for the antibiotics tested are shown in Table 2 . There was a close similarity among Wai33 AIT. Thermus aquaticus, and "Thermus thermophilus." Of the 10 antibiotics used, all three organisms showed nearly identical results for 6 (vancomycin, streptomycin, amoxicillin, penicillin G, novobiocin, and neomycin). Wai33 AIT was more susceptible to phosphomycin (at 20 pg/ml), to kanamycin (at 0.2 pg/ml), and to chloramphenicol (at 0.2 pg/ml) than the other orga- were positive for esculin hydrolysis and tellurite reduction. All species were negative for Tween 80 degradation and p-nitrophenyl palmitate or laurate hydrolysis. None of the species grew on lactose raffinose, dextrin, or mannose as a sole carbon source. Tests were performed at 7OVC for Thermus aquaticus and Wai33 AIT and at 60°C for Thermus ruber. (15) showed that Thermus ruber was susceptible to penicillin G (0.1 pg/ml), novobiocin (10 pg/ml), streptomycin (10 kg/ml), and chloramphenicol (10 kg/ml). These data are consistent with the data for Thermus strains shown in this table.
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nisms, whereas "Thermus thermophilus" was more resistant to polymixin B (at 0.2 pg/ml) than the other two. Therefore, Wai33 AIT exhibited the same unusual susceptibility toward p-lactam antibiotics as Thermus spp. (24). Table 3 shows a comparison of strain Wai33 AIT with other organisms with which it might be identified. Wai33 AIT can be clearly distinguished by a number of criteria from these other organisms.
DISCUSSION
Features which distinguish Wai33 AIT from Thermothrix thiopara are the differences in ability to grow autotrophically or anaerobically, in ability to reduce nitrate to nitrite aerobically, in pigmentation, in motility, and in morphology.
G + C values distinguish Wai33 AIT from C. aurantiacus, which also has a lower temperature optimum for growth, is motile, is photoheterotrophic with the production of bacteriochlorophylls, and is facultatively anaerobic. The two Bacillus species can be readily distinguished from Wai33 AIT on the basis of their motility, Gram reaction, ability to sporulate, lower temperature optima, and ability to grow anaerobically.
The mesophilic genus Herpetosiphon has a morphology very similar to that of Wai33 AIT (31), but it is unlikely that Wai33 AIT is a thermophilic variant, as the G + C contents are different, the major respiratory quinones are different, and Herpetosiphon exhibits gliding motility.
From Table 3 however the general similarity to Thermus aquaticus is evident. The primary distinction between isolate Wai33 AIT and Thermus species is morphological.
We hypothesize that the filamentous form of Wai33 AIT is the result of the extra layer in the cell wall. The cell wall of Wai33 AIT and that of Therrnus aquaticus have features which appear to be the same, i.e., characteristics of gramnegative cell walls (4, 5, 12) with the unusual corrugated cell wall layer reported by Brock and Edwards (5) and noted as being unlike the cell wall of any other gram-negative bacterium by Hensel et al. (15) . Wai33 AIT possessed an extra cell + (31) - (33) + (16) + (30) - (16) - ( wall layer which appeared to run the whole length of the filament and played no part in septum formation. Therefore, this layer may have formed a sheathlike structure which served to produce the trichomes observed. The possession of an extra layer exterior to the outer membrane is not unprecedented for Thermus strains. In a survey of cell envelope composition of Thermus isolates, Pask-Hughes and Williams (25) described an isolate, strain 11, which possessed such a layer.
In support of a relationship between Wai33 AIT and Thermus is the anomalous position of Thermus as regards Gram reaction and biochemical characteristics normally correlated with the Gram reaction. Like Thermus ruber (15) , Thermus aquaticus, and '' Thermus thermophilus" and unlike other gram-negative aerobic rods (9), the major respiratory quinone component is menaquinone 8; like Thermus aquaticus, Thermus ruber, and "Thermus thermophilus" and unlike most other gram-negative bacteria (8), Wai33 AIT is aminopeptidase negative; and like Thermus aquaticus and "Thermus thermophilus" Wai33 AIT has unusual susceptibility to p-lactam antibiotics.
The morphology of the organism (17) is a constant and clear character which distinguishes this isolate from other Thermus species, with the consistent formation of stable trichomes of indeterminate length, midfilament swellings, necridia, and coiling of trichomes. A list of phenotypic data and carbon source utilization spectra for Thermus aquaticus, Thermus ruber, and Wai33 AIT is given in Table 1 . Unlike Thermus aquaticus and Thermus ruber, Wai33 AIT was not proteolytic on any substrate tested and produced agalactosidase. Other tests, including nitrate reduction, arbutin hydrolysis, deoxyribonuclease production, and pgalactosidase production, distinguished the species. The carbon sources used by the three species differed markedly.
In summary, we propose that Wai33 AIT should be considered a new species of Thermus, Thermus jliformis. There is good evidence that this isolate is a member of the genus Thermus, and it can be clearly distinguished from other Thermus species, mainly on the basis of morphology.
Thermusjliformis sp. nov. (fi.li.for'mis. L.n. filum thread; L.n. forma shape; M.L. adj. jliformis thread shaped). Cells containing yellow carotenoids in coiled trichomes with a diameter of 0.5 to 1.7 p,m and of indeterminate length (several hundred micrometers). Filament width varies; filaments exhibit midfilament and terminal swellings, as well as necridia. Septa not visible by phase-contrast microscopy. Gram negative but aminopeptidase negative. Heterotrophic, using carbohydrates, organic acids, and amino acids as carbon sources. The substrates supporting growth include acetate, galactose, glucose, glutamate, mannitol, melibiose, proline, succinate, sucrose, and trehalose. Unlike Thermus aquaticus and Thermus ruber, Thermus jliformis is nonproteolytic and produces an a-galactosidase. Thermus jliformis does not reduce nitrate or produce deoxyribonuclease but does hydrolyze arbutin and produce a P-galactosidase. Obligate aerobe. Like all other Thermus species, it is susceptible to p-lactam antibiotics.
The G+C content of the deoxyribonucleic acid is 65 mol%. One strain, Wai33 AIT, was isolated from a New Zealand hot spring and has been deposited in the American Type Culture Collection as strain ATCC 43280T.
